adenosine triphosphate ratios, when conventional methods of nucleotide extraction were employed. Under the reaction conditions specified in this report, the initial rate of hydrolysis of adenosine triphosphate was directly proportional to the activity of APase in the sample extracts and consequently can be used as a sensitive measure of APase activity. A method was devised for obtaining reliable nucleotide measurements in naturally occurring microbial populations containing elevated levels of APase activity. The metabolic significance of APase activity in microbial cells is discussed, and it is concluded that the occurrence and regulation of APase in nature is dependent upon microscale inorganic phosphate limitation of the autochthonous microbial communities.
Phosphorus is an essential nutrient requirement for all forms of life and comprises between 1 and 4% of the total dry weight of most microbial cells (16, 43, 58) . When cultured in P-enriched media, however, many species of microorganisms exhibit luxury uptake and have the ability to condense polyphosphates, thereby disproportionately increasing their total cellular P concentration to values -10% of the total dry weight. The distribution of organic phosphorus under balanced growth conditions is approximately 65% as nucleic acids, 15% as phospholipids and 20% as acid-soluble fractions (58) . More comprehensive separations have also been published (52) . The acid-soluble fraction consists primarily of phosphate esters, and derivatives thereof, including the abundant nucleoside phosphates (e.g., adenosine mono-, di-, and triphosphate [AMP, ADP, and ATP, respectively]) and sugar phosphates (e.g., glycerol-phosphate, glucose 6-phosphate).
In nonpolluted freshwater habitats, inorganic phosphate (Pi) (as HP042-) availability is often regarded as the nutritional factor which limits or controls the rate of primary production. By comparison, the marine environment is generally considered to be fixed N limited, although Pi may limit marine phytoplankton growth under certain environmental conditions (44, 51) .
When most microbial cells (e.g., bacteria, yeasts, algae, protozoa) are cultured in Pi-deficient medium the synthesis of a relatively nonspecific orthophosphoric monoester hydrolase (i.e., alkaline phosphatase [APase] ) is derepressed (21, 22, 25, 28, 68) . Under conditions of maximum synthesis, APase may represent up to 6% of the total protein synthesized by the cell (21) . This cell-surface-associated enzymic activity enables the Pi-deficient cells to specifically utilize certain components of the soluble organic phosphorus pool. In most species examined, readdition of Pi to the growth medium caused a loss of APase activity and a repression of additional synthesis. By comparison, acid phosphatase activity is present at constant levels under all conditions of growth and is unaffected by internal cellular Pi concentrations (1, 41, 68) .
APase activity has been detected in many freshwater (4, 5, 27, 53, 60, 61) and marine habitats (1, 38, 40, 50, 51, 57, 63, 65) . Several reports have attempted to correlate the occurrence of APase activity in selected aquatic environments with conditions of Pi limitation. This practice should be approached with caution for several reasons. First, the ability to synthesize APase (even during extreme Pi deficiency) is not a universal characteristic of all microorganisms (40, 54, 65) . Second, APase may also be present as a constitutive enzyme in many microbial taxa (12, 19, 41) and is therefore not obligately coupled to Pi deficiency. In many species there is a low but "normal" level of APase present in the 550 KARL AND CRAVEN cell under all growth conditions. However, during periods of Pi deficiency the activity levels may increase 5-to 120-fold (7, 18 (9) , and a new H3PO4-EDTA method which was devised over the course of these studies. The last method is identical to that previously described by Karl All additional chemicals used in this study were analytical grade reagents.
APase assay. The presence and relative activities of APase were monitored by the rate of hydrolysis of ATP with time in selected extracts. The reaction mixture consisted of 2 ml of sample, MgCl2 (-4.5 mM, final concentration) and between 100 and 500 ng of ATP. The reaction was initiated by the addition of ATP, and the mixture was incubated at room temperature (25 ± 1.5°C). Subsamples (0.2 ml) were periodically withdrawn and assayed for ATP. For selected experiments, ATP was replaced by GTP, UTP or APPL. ENVIRON. MICROBIOL. (Fig. 3 ). In all samples tested, uring the extraction procedure and an the rate of ATP hydrolysis was greater at 30°C n of the natural substrate concentra-than at 4°C and was repressed at both temper-!also required.
atures by the addition of 200 (Fig. 4) . These data indicate that: (i) ADP and AMP are also hydro-* \ lyzed in addition to ATP, as evidenced by the simultaneous decrease in AT (Fig. 4) ; (ii) the relative rates of adenine nucleotide hydrolysis are not equivalent, but rather AMP appears to be the preferred substrate for the APase reaction; and (iii) the resultant ECA is highly dependent upon the duration of the incubation period, with an immediate decrease due to the , ) 8 (Fig. 1D) . If the sample material to be analyzed is enriched in AMP (i.e., actual ECA = 0.5 to 0.6 or lower), then the initial effect of APase activity may actually be to increase the ECA (rapid removal of AMP) followed by the subsequent decrease in ECA depicted in Fig. 4 (Fig. 1, 3, 4 , and 5; Table 1 ).
More recently, several investigators have suggested the use of P04-containing menstrua as a means for extracting ATP from microbial assemblages in nature (9, 12a, 26, 67) . The increased ATP yields were unanimously interpreted to be the result of a reduction in the adsorptive loss of ATP in the presence of high concentrations of exogenous P04 (range of initial P04 concentrations from 10 to 250 mM). In light of the data presented in this report, in vitro repression of APase activity by exogenous P04 may have also contributed to the observed increased yields of ATP. It should be emphasized, however, that our present study indicated that a final extract concentration of -100 mM P04 was generally required for the repression of APase from most environmental samples. By comparison, the final concentrations of P04 in the sample extracts of previous studies varied from 1 mM (67) to 32 to 52 mM (9), levels insufficient for the in vitro repression of typical residual environmental APase enzyme concentrations. Additional methods exist for the repression and/or inactivation of APase activity including arsenate, fluoride, tartrate, urea, cadmium, EDTA, and autoclaving; however, a detailed evaluation of these various options was not undertaken during the course of this study. Caution should be taken in the addition of chemicals intended to repress APase activity to ensure that these reagents do not adversely affect firefly luciferase activity or any of the enzymes required for nucleotide fingerprinting (e.g., pyruvate kinase, myokinase, UDP-glucose pyrophosphorylase, hexokinase, glucose 6-phosphate dehydrogenase, nucleoside diphosphokinase, etc.).
The currently proposed method of nucleotide extraction using 1 M H3PO4 as the principal reagent (final extract concentration of P04, >150 mM) combines the unique advantages previously discussed for cold acid extraction procedures (34, 36) with the requirement for a relatively high P04 concentration necessary to eliminate adsorptive ATP losses and to repress residual APase activity. Furthermore, the sparing solubility of Ca(H2PO4)2 reduces the cation interference on the luciferase reaction in neutralized H3PO4 extracts of CaCO3-rich sedimentary APPL. ENVIRON. MICROBIOL. materials. Little or no co-precipitation of ATP with Ca(H2PO4)2 was observed in controlled laboratory experiments (data not shown). However, internal standards can and should be used to monitor this possibility. The residual P04 concentration does not affect the activities of the enzymes required for nucleotide fingerprinting. Light emission from the firefly bioluminescence reaction is reduced relative to tris(hydroxymethyl)aminomethane-buffered extracts, an effect resulting from a general ionic strength inhibition of luciferase. Provided that standards are prepared in ionic solutions identical to those of the sample extracts, this effect is of no consequence to the precision, accuracy, or reproducibility of the assay procedure. One final advantage of the H3PO4-EDTA nucleotide extraction methods over the more commonly used H2SO4-EDTA procedure is the elimination of S042-ion interference of the uridine diphosphate-glucose pyrophosphorylase reaction of the GTP assay procedure (29, 32) . This mitigates the necessity of an -5-fold dilution of the sample extract, thereby significantly increasing the lower limit of sensitivity for the GTP assay procedure.
The use of internal standards is strongly recommended to correct for losses (or "apparent" losses) of cellular nucleotides arising from chemical hydrolysis, adsorption, co-precipitation, organic and inorganic ionic interference, turbidity, color quenching, pH spectral shifts, and other factors. Recently, it has been suggested that ATP radiolabeled with 14C, 3H, or 3 P be used to monitor and correct for the cumulative ATP losses and analytical interferences of the ATP assay. In theory, this may be a valid and seemingly accurate method of assessment, but in practice there are several substantial areas for concern. First, the liquid scintillation counting of radiolabeled ATP will only allow a quantitative assessment to be made of "real" ATP losses (i.e., adsorptive or co-precipitation losses) since the apparent losses of ATP resulting from inhibition of the firefly luciferase enzyme will not be accounted for. Furthermore, if the label is contained within the purine ring (i.e., [2-3H] The proposed application of the ATP-dependent firefly luciferin-luciferase bioluminescence assay to detect and quantify APase provides an analytical system with a much-increased sensitivity when compared with previously described methods. The 3-O-methylfluorescein phosphate fluorometric assay devised by Hill et al. (23) and modified by Perry (50) for seawater analyses can effectively detect -1 x 10-'l mol of P043-liberated per liter of seawater per min; however, beyond 120 min nonenzymatic hydrolysis of the 3-O-methyfluorescein phosphate was detected. By comparison, and under optimal reaction conditions, the ATP assay should be capable of detecting -2 x 10-l' mol of ATP hydrolyzed liter'1 min-' with no restrictions on the length of the incubation period. An additional advantage of the proposed ATP method for measuring APase activity is the elimination of background or blank determinations. With certain sediments we observed highly colored extracts (presumably fulvic or humic acids) which would undoubtedly interfere with both spectrophotometric and fluorometric analyses. The increased sensitivity for the detection and measurement of phosphomonoester hydrolysis will enable experiments to be conducted at substrate levels comparable to those found in nature (<0.01 uM), thus yielding more ecologically relevant data concerning APase-dependent Pi fluxes in nature.
It should be emphasized that we have no absolute proof that the enzyme whose activity we monitored in this study was actually APase. This is also true of all environmental studies published to date. We do, however, have several indirect lines of evidence, including: (i) a similarity in the kinetics, reactivity, and substrate specificity of our environmental extracts to those of commercially available E. coli alkaline phosphatase ( Fig. 1 and 5 ), (ii) comparative data on the remarkable heat and acid stability of the enzyme activity from environmental extracts and commercial sources, and (iii) in vitro repression of the residual enzyme activity by exogenous orthophosphate (Fig. 3) . The combined stability, specificity, and reactivity characteristics of this residual enzymic activity strongly indicate APase activity and eliminate the possibility of acid phosphatase, ATPase, and nucleotidase enzyme activities. (10, 14, 24, 51, 59 ). Cavari (10) Hunter and E. A. Laws, submitted for publication).
Total environmental APase activity is undoubtedly comprised of enzymes from bacteria, algae, fungi and yeasts, protozoans, and metazoans. The data reported in Fig. 5 and Table 1 may be expected to vary depending upon the predominant source(s) of the APase activity. Berman (3) found seasonal variations in the pH optimum, substrate specificity, and Km for total APase activity in Lake Kinneret, a result which he interpreted as representing a variable contribution of APase isozymes from various microbial taxa. Diurnal changes in the pattern of APase activity have also been reported from natural aquatic environments (3, 51 (40) have demonstrated that the APases of many species of phytoplankton hydrolyze organic P compounds at the outer cell membrane, transport the P and leave the remaining organic carbon moiety outside the cell.
Additional studies have indicated that APase activity is only detected in waters where the NI P ratio was 230 (57), a value similar to the point of transition between N limitation and P limitation (55) . Moreover, M0ller et al. (45) have demonstrated that the production of APase in marine diatoms was clearly dependent upon the N/P ratio regardless of the initial P04 concentration. However, it should be emphasized that it is the intracellular P04 concentration and not that of the external environment which regulates enzyme activities. Availability of exogenous P04
is not always related to its concentration, espe- cially in sediments where sorption reactions, specifically the well-documented role of Fe, may represent a significant removal mechanism. Fitzgerald (17) reported that Fe(OH)3 strongly adsorbed Pi, and less than 1% of this adsorbed Pi was available for biological uptake. Williams et al. (72) indicate that certain lake sediments may adsorb up to 5 mg of Pi g-1 sediment and may therefore be important in regulating total productivity of the ecosystem. The preferred chemical determination for Pi (i.e., molybdenum blue assay) requires acidification ofthe sample, which favors desorption and consequently results in an overestimation of the true Pi levels (11) . The observation that clay sediments contained more APase activity than sand (2, this study) may be related to this sediment-specific sorption potential. This is especially true for the Antarctic samples. The sediments at New Harbor were a mixture of fine-grain glacial flour and streamborne sediment from the adjacent Taylor Valley and contained significant APase activity despite the extremely high concentrations of Pi in the overlying waters (-3 to 4 itmol liter-1). By comparison, Cape Armitage sediments were comprised of large-grained volcanic rubble and ash derived from Ross Island. Although we have not measured Pi sorption of these respective sediments, it is suggested that the sorption of New Harbor sediments is much greater than that of sediments from Cape Armitage. The same scenario can be offered to explain the presence of APase activity in the abyssal red clays of the North Pacific Ocean and the complete absence of APase activity in intertidal beaches of southern California and coarse subtidal coastal sediments, even though the total microbial biomass in the latter sediments may be higher by a factor of 1,000 or more.
Microorganisms live in microenvironments which are generally defined on scales of micrometers or millimeters. The chemical composition and nutritional status of these microenvironments may be totally distinct from those of the ambient macroenvironments. The occurrence and regulation of environmental APase activity should be useful as a sensitive bioassay or metabolic indicator of microscale Pi limitation of microbial assemblages in nature.
